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Prepared by:

Wallace Luchuk

ABSTRACT:\IThia report presents the results of wind-tunnel measurements
of the Magnus force and moments on cylindricel bodies of fineness ratio

and a Reynolds number of S5E5
million (based on model length). Six cout'igurations were tested, five

of which had variations in nose shape and one configuretion had artifi-
cial roughness added to the very tip of the nose. Data for one config-
uration was taken by two different techniques as a check., The angle of
attack range was from +16 degrees to -22 degrees and the rotational speeds
attained were as high as 660 revolutiens Per second. P
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ot finenass (lensth .o dimmeter) -2tio 5. Thare were six configurations
ia AaYl, of which {ive configura‘ ons &iffore only in the nose shepe. The
nosi: .« ;th for all the models was two bady aiameters. Three of the five
dif+v+  .v¢ uose shapes had a systematic ver_.tion in the ogival radius. The !
test Wi, performed al, o freos  “reaw Mack aumber of 1,75 and a Reynolds

“umber of 5.9 million (based . tne moicl length). One configuration was
tested ewploying twe differe-. izd-+ mnel techniques in order to afford a
check on the ozta. The angle of »* tack range was from +16 degrees to -22
degres vs and rotational spin rate: as high as 660 revolutions per second
vere attained. A complete discussion of the instrumentation and wind-tummel
test technigues 1s presented.
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Eﬁ "his report asen. the rasults of M7, 1-force measurements conducted fg
g in the NOL %C x 40 - Aerchallisti Tumnel No. 1 using cylindrical bodies .

T: . tést was performed through the directlion of the Bureau of Ordnance
(r=J) una:r the tesk number 803-767/73003/01-0LO.

W. W, WILBOURNE
Captain, USN
Commander 3 |
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THE DEPENDENCE OF THE MAGNUS FORCE AND MOMENT ON
THE NOSE SHAPE OF CYLINDRICAL BODIES OF FINENESS
RATIO 5 AT A MACH NUMBER OF 1.75

INTRODUCTION

1. In the continuing task of providing accurate prediction of missile
stability, ballisticians have concentrated, in recent Yyears, on ¢btaining
more reliable measurements of the aerodynamic stability derivatives. Two

of these derivatives are the Megnus force and the Magnus moment derivatives.
These derivatives are due to forces and moments which appear when the body
is spinning and at an angle of attack with the relative wind. These forces
and moments are, in geners., considerably smaller than the static aerodynamic
forces and moments, and are far more 4ifficult to measure. Formerly, these
derivatives were cotained cnly from i\he free- flight ballistics ranges, but
with the development ¥ new and specialized <.strumentation, the wind-tunnel
facility at the Naval Ordrarce Iaboratory has success i'1ly completed a series
of Magnus measurements. Th.s report presents the resulcs of one part of thle
overall program o Magn 15 meajurement in *hc wind tunnels.

List of Symbols

a free-stream s.ced of sound ft./ssc. / =1; .I)

8 speed of sound at stagnation conditions ft./sec. { = /¥ RT,)

A coefficient reference area ft.° ( =1YD2/h)

Ay data reduction constant (see Appendix)

A data reduct.cn constanc (see Appendix)

By data redu +ion constant (see Appendix) )
B data reduction constent (see Appendix)

oy side force coefficient, non-dimensional ( = Y/qA)

Cy- yawing moment coefficient, non-dimensional ( =¥ /gAD)

Cy,, Magnus force coefficient, non-dimensional (d/da) (Cy2V/pD)

(07

Cyp Magnus moment coefficient, non-dimensional (d/da) (C@ev/pD)
o

D body diameter (0.25 ft.)

K3 forward yaw strain gage corstant (in.lbs./chart division)
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List of Symbols (Cont'd)

e

aft yaw strain-gage constant (inch lbs. /chart division)

nose length (0.5 ft.) .
forward yav gage chart reading under load (chart divisions)
forward yaw gage chart reading under no load (chart divisions)
aft yaw gage chart reading under load (chart divisions)

aft yaw gage chart reading under no load (chart divisions)
overall body length (1.25 ft.)

free stream Mach number (M= 1.75)

rotational velocity radians/sec.

free stream static pressure 1bs . /£t2

free stream rest or stagnation pressure 1bs./ftS

free stream dynamic pressure 1ps./et2  (¥RE/2 )

body radius (0,25 ft.)

gas constant (1716 £t2/sec? °R)

free=stream Reynolds number kased on model length computed by
Sutherland formula, ron-dimensional (5.5 million)

free stream static temperature, degrees Rankine
Pree stream total temperature, degrees Rankine
free stream air velocity, ft./sec.

axial distance from the model nose, ft.

axial distance from the model nose of the forward yaw gasge
electrical center, ft.

axiel distance from the model nose of the aft yaw gage
electrical center, ft.

axial distance from the model nose of the Center of Gravity,
(3.80 ft.)




o as)

e

e s

L

v

NAVORD Report 4425
List of Symbols (Cont'd)

Yy lateral coordinate, ft.

Y side force, lbs.

o4 engle of attack, degrees or radians

a3 indicated angle of attack, degrees -

¥ ratio of specific heats, non-dimensicnal (1.4%)
E Probable error notation

Y yawing moment, inch lbs.

Ballistic Magnus Coefficient Symbols

&

Magnus force, 1lbs.
i 90 degree rotation vector
Ballistic Magnus Force Coefficient, non-dimensional

Ballistic Magnus Moment Coefficient, non-dimensional

T

Magnus moment, ft. lbs.

o pitch angle, degrees cor radians

@ yaw angle, degrees or radians

fé complex yaw angle degrees or radians, (= @ + i @)
0

free stream air density, lb.sec%/ft%

Historical Sketch of the Magnus Phenomenon

2. Througkn~:t this report the terms, "Magnus force and Magnus moment",
or, "Magnus cucsccteristics”, are extensively used, and as & concession
to brevity they may sometimes be referred to simply as "Magnus."

3. In the search for material on the history of Magnus the author was
uneble, in some instances, to study "first sources" for their substance,
When this occurred, it was necessary to rely on the reports and comments
of those authors who were fortunate enough to have access to them,

4, fThe "Magnus" effect is that aerodynamic phenomenon that describes the
fact that a two dimensional or three dimensional body rotating in & cross-
flow experiences a lift force at right angles to the flow. The effects of
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this phenomenon have been observed for many years with the earliest reports
occurring in the seventeenth century. G. T. Walker (reference a) states

that the first observations of the effects of Magnus were made in 1671 when
it was noted that the path of a "cut" tennis ball or a "sliced" golf ball
described a curve. Sir Isacc Newton was aware of this fact (reference b).

The effect was later observed by artill ~ists in the deflected trajectories

of cannon balls. B. Robins (references . and d) also contended thaet the
curved flight of cannon balls was due to yotation. In the early nineteenth
century artillerists began to experiment to explain these erratic trajec-
tories by eccentrically weighting the cannon balls, and by inserting the
canncn balls into the cannon with the center of gravity of the ball in some
preferred position, the resulting trajectory was curved in that direction.

The great French mathematician, Poisson, demonstrated in 1839 that the deflec-
tions could not be explained by the increased air friction on one side of the
rotatirg btall as was popularly supposed at that time (reference e). Around
1850; ahout the time that the spiral bore gua was being introduced, the Berlin
physicist, Professor G. Magnus was presented with the problem. He then Fro-
ceeded with a series of experiments that conciusively proved the existenc..

of a "Magnus" force and also made some original observations of the flow
around bodies (reference f). Professor Magnus did not actually measure a
Magnus rforce, but simply showed that one did exiat and, in the light of his
other observations, was able to show “hat this force could be explained by

the fluid flo+ equation of Dan’=l Bernoulli. In 1877 Lord Rayleigh, (refer-
ence g) utilizing improvements in potential flow theory by Eelmholtz,

Sir William Thempsca and others, was able to foruulate a mathematical flow
pricture of a rotating cylinder in a +~iform stream and to compute a Magnus
for:~  This classical two-dimensiorel calculation, t%.e superposition of a
uniform parallel potential fliow and a circulation flow, may still be found

in theoretical hydrodyramic texthooks of the present day (references k, i,

and J). Rayleigh, however, cautioned thatv while his Jotential flow construc-
tion yielded a substantiaily correct flow representatcicn; a treatment of the
real flow case must take inuc ccusideration the effeci ¢f the viscous flow

at the surface of the cylinder as the connective link be*veen the circulation
of the body and the free stream. He insisted that the re 1 case must obey

5ir William Thompsca’s proposition that "circulation iu % real fluid is
impossible without viscosity." ¢

2. The first quantitative measurements of a Magnus force were made by
lafay (references k and 1) in wind-tunnel tests early in the twentieth
century. Lafay measured the Magnus force on a rotating cylinder in a
crossflow, but due to the short length of his cylinder, he was unable to
attain the large forces predicted by Rayleigh. Shortly after World War I
& group of British ballisticians introduced the effects of Magnus into a
nevw treatment of the dynamical behavior of rotating projectiles (refer-
ences m and n). These men, aware of the existence of Magnus, had no
knowledge of the magnitude of the Magnus force on a three-dimensional
body and therefore they could arrive at no conclusions regarding the
importance of Magnus on the free-Tlight behavior of Projectiles. Never-
theless, they included Magnus in their work for the sake of completeness.

()
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In 1923 Ackeret (reference o) msde the first significant Magnus measure-
ments in the wird tunnels at GBttingen, Germany. Using a new high-speed
electric motor to rotate a cylinder in the windstream, Ackeret originally
measured forces not much greater than those measured by Lafay. The small
increase in force was due to the fact that Ackeret used & cylinder with a
higher length to diameter ratio than that used by Lafay. Ackeret also
noticed in his early experiments that there was a strong "end" effect which
prevented his cylinder from developing the maximum Magnus force on all but
the innermost portion of the cylinder. When, at L. Prandtl's suggestions,
Ackeret terminated his cylinder with large end discs, he was able to attain
Magnus forces approaching those predicted by the theory. Ackeret's measure-
ments also showed that although the Magnus (or 1ift) forces attainable with
& rotating cylinder were large, the drag of the cylinder was correspondingly
large. The resulting lift to drag ratio of the roteting cylinder was sub-
stantially lower than those that could be obtained with the better airfoils
of th¢ day, so it appeared that use of a rotating cylinder as a means of
aerodynamic sustentaticn was not very practical. However, at that time
Anton Flettner, a German shipping magnate, was financing experiments at
Gbttingen to ascertain the feasibility of replacing the sails on his shipping
vessels with more efficient airfoils, and upon hearing of the large forces
developed by the rotating cylinder, conceived the idea of using the cylinders
to replace the sails (reference p). This idea was highly publicized and
discussed in papers by the foremost aerodynamicists at GBttingen; numely,
Betz, Prandtl, and Ackeret (references g, r, and s), and aroused interest
and criticism both on the Continent and in the United States (references t
and u). Flettner proceeded to convert two of his ships into "rotorships"

to prove the practicality of his idea. The tests of the ships indicated
that the rotors did produce large forces, but the project was abandoned
probably due to the fact thet the rotorships were still required to tack

in much the same manner as sailing ships. Consequently, even if the linear
speed was high, the point-to-point speed was substantially reduced by the
tacking. The rotorship, it appears, was nct an aerodynamic failure but a
transportational failure; however, there were papers as late as 1929 denoun-
cing it as a misconception of aerodynamic theory (reference v). Shortly
after Ackeret's measurements there was another similar test conducted in

the United States by E. G. Reid which essentially checked Ackeret's results
(reference w).

6. In 192k a series of tests was conducted in Holland that attempted to
unite the large lift of a rotating cylinder with the low drag of a conven-
ticnal airfoil (references x, y, and z). These tests consisted of force
measurements in e wind tunnel using a wing with a rotating cylinder fitted
into the leading edge. These tests were not conclusive, the configuration
being a poor airfoil shape when the cylinder was not rotated and an ineffec-
tive rotor when the cylinder was rotated. The boundary layer surveys that
were taken in these tests did reveal that energy could be imparted to the
boundary layer, and separation retarded, by rotating the cylinder. About
this time Prandtl and Tietjens (reference a.l) were obtaining excellent
pictures of the flow about rotating and non-rotating cylinders which photo-

graphically revealed the differences between real fluid flow.and ideal
fluid flow.
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7. In 1944 new criteria for the dynamic stability of spinning projectiles
vere advanced by Kelley and McShane which placed greater emphasis or the
aerodynamic cheracteristics of the projectile (reference a.2). About this
time the free-flight ballistic ranges were constructed at Aberdeen Proving
Ground, Maryland which produced time-position-attitude histories of gun-
launched projectiles with unprecedented accuracy. These new precise measure-
ments made it possible to determine the Magnus characteristics of projectiles
from their freeflight beohavior (reference a.3). Most of this work dealt with
security-classified projects and cannot be mentioned here. A few years later
the first wind-tunnel Megnus force measurements on three dimensional bodies
were undertaken at low subsonic speeds, but even up to the present time there
have been only a few such tests.

8. The new quantitative measurements of the Magnus force and moments

probably stimulated the deovelopment of the first theory of Magnus for a

three dimensional bedy. Martin (reference a.%), in 1953, devised a "distorted
body" theory in which the distortion of the boundary layer (due to angle of
attack and body rotation) produced a new "effective” body shape which is not
symmetrical in the yaw plane. On the basis of the new shape, a side force
can then be computed by linearised potential flow. Kelley corrected and added
to Martin's work (reference a.5). This present theory, the only one in exis-
tence, is severely limited in its proper application in that it should only
be used for a long body with a laminar boundary layer at small angles of
attack in subsonic incompressible flow.

9. For more than two years the Naval Ordnmance Laboratory has been performing
wind-tunnel Magnus measurement tests at both subsonic and supersonic speeds.

Introduction to the Problems of Wind Tunnel Magnus Measurement

10. This introduction is intended to present a background to the problems
that occurred with the undertaking of Magnus measurement in the NOL wind
tinnels, and to present some of the possible solutions thet appeared. It
should serve to indicate how the development of the test technique and the
test ipsatrumentation took place with each bit of experience gained up to
the prezent time,

11. Recent aeroballistic studies, which have more accurately evaluated the
importence of the Magnus effect on the dynamic stability of spinning missiles R
have emph&sized the necessity of obtaining reliable Magnus-force measurements.
Since about 1944 ballistic ranges were the only facilities working on this
pProblem until around 1951 when the first wind-tunnel Magnus measurement
activity began. It was quite natural to introduce this problem into the

wind turmel, because of the fine control of the flight variables possible.
Also, the reliability of a set of data would be established if the measure-
ments could be reproduced by another facility employing a widely different
axperimental procedure.

12, Since the fres flight ballistics ranges had been actively engaged in
the problem of measuring supersonic Megnus forces and moments for some

oA
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time before the wind tunnel undertook the Problem, it was therefore logical
to examine their test results for some indication of the magnitude of the
Magnus force. Some of their results indicated that the ballistic Magnus
Torce coefficient, K, could be as small as 1/25th to 1/hOth the ballistic
normel force coefficient, (see list of symbols and reference a.6) for
these definitions)}. These llistic coefficients are actually coefficient
slopes in the usual aerodynamic sense and are similer to the ordinary aero-
dynamic stability derivatives. These ratios indicated that for many flight
conditions there may often be greater than one order of magnitude difference
in the actual forces. It should also be mentioned at this point that these
ballistic range results were cbtained for Projectiles with high rotational
velocities, having been fired from standard guns (guns with spiral bores that
made one complete rotation as the projectile advanced between 20 to 40O body
diameters down the gun barrel) or from a high-twist gun (a gun with a spiral
bore that made one rotation in ten to twenty diameters of projectile advance).
It was also apparent that if the wind-tunnel instrumentation could not produce
the high rotational speeds necessary to duplicete the advance ratios produced
by the range firings, then the Magnus forces in the wind tunnel would be even
smaller (for the same size projectile) then those developed in the range.

13. Thus, the initial requirements of the wind-tunnel instrumentation were
established, These requirements were:

1. an electrical strain-gage balance sufficiently scrong in the pitch
plane to withstand the strong normal forces, yet sufficiently weak in the
yaw plane to be sensitive to the small Magnus forces.

2. a rotational motive source small enough to put inside a wind-
tunnel model with sufficient power to rotate the model to the high spin
rates necessary to duplicate the advance ratios of gun-launched projectiles.
An idea of these spin rates may be obtained from Figure 1 which shows the
spin rates required in the wind tunnel to duplicate the advance ratio of a
1 in 20 gun, for various size models, and for Mach numbers up to five.

1%, 1In addition to these two major problems of instrumentation there was
the problem of how to best perform the tests. The most straightforward

vay was to take data with all the test variables constant; namely, the

Mach number, the angle of attack, and the rotational velocity. Since there
vere only fixed supersonic Mach numbers availsble for testing, the other
two variables were of more concern. They could both be held constant and
data taken, or one of them could be allowed to vary while data was recorded
continuously. Ffor the first exploratory tests the former method was used,
This method proved much too slow and unrewarding and indicated the necessity
of adopting one of the latter methods.

15. The statement of the two major instrumentational problems given above
is overly simplified. Some of the other attendent problems were as follows,
The strain gage balance could not be the usual type of balance but would
require major modifications since it had to carry some sort of power to the
spin motor, and since the motor had to be housed within the model, the bale
ance sections vere required to be located externally, behind the model.

P .
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This type of balance required a windshield to protect it from free stream

air loads. The spin motor was required to have bearings that could endure >
both the high rotational speeds and the high radial loadings of the normal
forces for sufficient lengths of time, without failure, to allow the data

to be taken without frequent interruptions. The motor had to be such that

it produced no "interference" or false reading of the electrical strain-gage
balance. Since the models were of substantial length, the problem of dynamical
or three-dimensional balance was critical, especially at the higher speeds.
Good motor speed control and regulation was also desirable but it appeared
unlikely that such would be the characteristics of motors of this size oper-
ating at such high speeds, T. .s, more substantially, was the nature of the
problem.

16. The very first attempts to perform Magnus measurements on spinning
models were done &t low subsonic speeds using commercially-available
electric motors. The electric motors were mounted between the sting and
the model in the simplest mechanical arrangement possible, the rotor being
fastened to the sting and case attached to the model shell. The case and
the model shell were then the rotating parts of the system. Subsequent
tests were also attempted at supersonic speeds with electric motors but in
both instances the data was bad. Several types of electrical motors were
tried during this period but were found to be unsatisfactory due to the
following reasons either singly or in combinatiog:

1. the maximum spin rates attainable were insufficient to duplicate
the advance ratios of gun-launched projectiles,
2. the heavy rotating parts of these motors had dynamical unbalances
which excited strong vibrations in the entire model-balance-sting system
rendering the force measurement system ineffective, and

+ 3. speed regulation and control was poor.

17. The unsatisfactory performance of the available electric motors made

it necessary to turn to some other kind of rotational power and the next

most logical motor was an air turbine motor. Air turbine motors were known
to have attained high rotational speeds in such applications as grinder
motors, and could be built in very small sizes. The first type of turbine
Cesigned and constructed for Magnus models was the one desc¢ribed in reference
(a.7). This type of air turbine was designed to exhaust the turbine air into
the tunnel free-stream air at the rear of the sting, because at this time it
was not known if there would be any aerodynamic interference on the model if
this "external" air was dumped into the airstream near the model. Thus, the
turbine supply air had to be intrcduced to the turbine through the sting and
the exhaust air from the turbine also had to be carried out through the sting. '
This meant that the turbine had to be completely enclosed and airtight, and

the sting had to have two air passages, This air turbine was built for a

small finned model and was tried in the wind tumnel. This test was not successful
due to the low torque of the motor being unable to overcome the torque of the
canted fins in the airstream, and the smallness of the model provided no appre-
ciable Magnus force.
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18. A much simpler type of turbine which vented the exhaust air out of

the base of the model was then devised to be used in the following manner.,
The turbine was allowed to power 4he model up to some high rotational speed
before the intermittent wind tunnel blowing was started (see Description of
Wind Tunnei section). The air to the turbine was then cut off and as the
model's rotational speed began 4o diminish, the wind-tunnel blow was started.
Data was continuously recorded as the aodel's rotational speed decayed. This
technique was employed because 1t was still not known what the effect of re-
leasing the exhaust aixr (from the turbine) out of the model's base, was ol
the external aerodynamics of the model. When the existence of such an effect
was investigated by tak data both while the model was coasting down from
some initially high spin (with no exhaust air being emitted from the model
base) and while the model was being powered up to some high speed (with air
coming out of the base), it was learned that there was no measureable differ-
ence in the data. This "coasting" technigus was also slow and unproductive
because the model rotational speed decayed very slowly necessitating several
wind tunnel blows to cover the entire speed range. The "power up" technique,
it was also learned, had several important advantages which could not be
ignored. These advantages stemmed from the fact that the turbine's power
was greatly increased during the wind-tunnel blow because the back pressure
to the turbine was the wind-tunnel ambient pressure, only a few millimeters
of mercury as compared to atmospheric pressure in the tunnel before the blow.
Advantages of this type of procedure were +that the entire speed range could
be covered in a single vlow, and that the maximum spin rate of the turbine
was substantially increased.

19. The early exploratory tests indicated certain facts which still define
some of the instrumentational requirements up to the present time. It was
learned, for instance, that the requirement of perfect three-dimensional
balance cennot be overstressed as the quality of the test data seems to be
directly related to the degree of freedom from vibration and unbalance.
Another fact that was learned was that large models, which produced larger

snd more easily measurable forces, required lower spin rates to duplicate

the advance ratios of gun-launched projectiles, and permitted the construction
of balances which vere more gsensitive to the yaw forces while still retaining
the ‘strengbh in pitch to resist the normal forces. :

20, One pilece of instrumentation that changed very 1ittle as more experience
was gained was the strain-gage balance. From the calibrations of the balances,
it was learned that they possessed a high degree of sensitivity to small
steady state forces, and the wind-tunnel tests also showed that they were
gensitive to the small fluctuations in the forces on the model due to air-
stream fluctuations. The only essential jmprovement that was made on the
strain-gage balances was to design them with low natural frequencies. This
was done to minimize the possibility of high freguency resonances which

might seriously damage the bearings or rotating parts.

21, The major changes that occurred in the strain-gage readout instrumen-
tation was the incorporation of the X4, Xp, Y recorder into the system to

obtain continuous traces of the Magnus force veriation with either spin or
angle of attack, and the change over from an AC te & DC strain-gage system,
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Originally a 40O cycle AC voltage was used to pover the strain gages, but
during the period when electric motors were being tried as the source of
rotaticnal power, it was aiscovered that the electrical power fed to the
motor would cause erratic readings of the strain gages, especially around
L0O cycles per second. This was serious enough to warrant the change to
a DC power source for the strain gages.

22. The instrumentation in use at the present time 1s fully discussed
later in the section on instrumentation, and the techniques employed are
more fully described in the section on test technigue.

Objectives of the Test

23. The basic objective of the tests was to obtain experimental data on
the effect of the nose shape on the Magnus characteristics of cylindrical
bodies of fineness ratio five. It was desirable to know of such an effect,
because it might aid in the design of projectiles with higher overall
dynamic stability. OSince the Magnus moment always contributes a destabil-
izing effect to the dynemical behavior of spinning projectiles (bodies alone),
it would be advantageocus to be able tc design projectiles to have no Magnus
moment. Elimination of the Megnus moment would be even more desirable if it
could be accomplished by some small configurational chenge, such as a small
change in ogival radius.

oh. Ancther objective of these tests was to try to determine, if possible,
vhat the functional variation of the Magnus characteristics with spin and
angle of attack was. The last objective of these tests was to take data
on the same configuration by two different wind-tunnel techniques, to check
the data.

25. The utilization of the constant spin-variable angls of attack technique
was attempted for additional reasons. This procedure would more closely
duplicate the actual motion of a projectile, and would provide continuous
force traces through zero degrees argle of attack, vhere the force vanishes.

26. The outcome of the attempt to utilize the constant spin-variable angle-
of-attack technique was completely dependent on the degree of success of the
servo-speed control's operation, since another objective of the tests was to
determine the operational characteristics of the unit in controlling the
model's rotational speed.

27. The five caliber long bodies were chosen because it might be expected

that the effect of nose shape would be more pronounced on & short body than
on a long body.

10
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Description of NOL 40 x 40 cm Aeroballistics Tunnel No. 1

28. These tests were performed in the NOL 40 x 40 cm Aeroballistics Tunnel
No. 1, an open jet, intermittent, blow-down tunnel. It should more correctly
be called a "suck down" or "indraft" tunnel since it utilizes the pressure
difference between the atmosphere and the "vacuum" of a storage sphere. The
storage sphere is continuously evacuated by & set of three Demag sliding vane
pumps which are automatically switched between parallel and series-parallel
operation to minimize the pump down time. The tunnel can be operated over a
range of fixed supersonic Mach numbers from 1.22 to 5.0 by inserting sets of
nozzle blocks. The test section is an open jJet in that the nozzle blocks and
their side walls are enclosed in a small plenum chamber and the actual testing
region is & space of uniform flow described by a wedge upstream of the nozzle
exit and a pyramid down-stream of the nozzle exit. Downstream of the test
section is an adjustable diffuser, designed to be set (in opening) to achieve
the optimum pressure recovery in order to attain the longest blowing time.
Located immediately behind the ad justable diffuser is a "fast acting" Polte
valve which contrcls the starting and stopping of the tunnel. Blow times as
long as LO seconds at M = 3.24 can be obtained. A silica gel air dryer dries
the air before it reaches the test section and is regenerated by auxiliary
equipment when the tunnel is now blowing. A "cutaway" view of the supersonic
wind-tunnel building can be seen in Figure 2 and a more complete description
of the wind-tunnel facility can be found in reference (a.8).

Test Instrumentation

29. The test instrumentation, not including the models, can be broken down
into five individual units, namely, the air "coaster" turbine motor, the
external electric strain gage balance, the strain gage readout system, the
frequency console, and the servc-speed control.

30. The air "coaster" iturbine derives its name from the fact that it was
designed to be used to "power" up the model to some high rotational speed
before the wind-tunnei blow commenced and then allowed to "coast" down to
zero rotational speed during the blow. In this way any effect of the air-
flow, required to power the turbine, on the strain gage balance would be
avolded. This type of operation would also permit the exhaustion of the
turbine air out of the base of the model. However, when it was learned
that the decay in rotational speed during "coast down" was small, thus
requiring several blows to cover the eatire speed range, and that there

was no noticeable effect of the turbine air on the strain gage balance,

the "power up" of the model during the wind-tunnel blow was found to be
more satisfactory (for several reasons discussed in the section on Introduc-
tion to the Problems of Wind-Tunnel Magnus Measurements). The construction
of the air turbine can be seen in Figures 3 and 4. The turbine nozzle box
is fixed on the stationary hollow sting while the turbine wheel is attached
to the model shell. The air to power the turbine comes through the hollow
sting to the nozzle box, passes through the nozzles, by the turbine blades,
and finally, out the base of the model.

11
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31. The turbine's rotational.speed is indicated by the frequency of the 7
sine wave generated by a small wire coil, mounted on the stationary turbine w
shaft, under the inf'luence of a ring magnet attached to, and rotating with,

the model shell.

32. The electric strain-gage balance used in these tests is similar to most
pitch or yaw strain-gage balances with the single exception that it had to

be hollow to allow for the passage of alr supplied to the turbine. Its design
was critical in that it must have sufficient strength to withstand heavy loads
in the pitch plane and yet be sufficiently weak in the yaw plane to be sensi-
tive to the small Magnus forces developed by the model. As was mentioned
previously (in the Discussion of the Problems of Wind-Tunnel Magnus Measure- |
ment), at low rotational speeds the ratio of the normal force to the yaw (or

Magnus) force can become exceedingly large, especially at high angles of attack.

The construction of the balance was more intricate than & simple pitch or yaw

balance in that a change over from a circular cross-section to a flat cross-

section at the gage sections necessitated the fabrication of the balance in

several pieces, since the cross-sectional variation of the hollow passageway i
could not be machined out of a single solid piece of metal. The separately

machined pleces were welded together and then the external surfaces of the

assembled balance were finished off on a milling machine, The strain gages 1
were then mounted in the usual bridge circuit and the addition of the power

and signal lead completed the balance construction. The balance behaved as

the usual pitch or yaw balance in that each of the two gage sections were
sensitive to bending moments about an electrical center locateld somewlere in
the gage section. The location of the electrical centers and the sensitivities
of the two gage sections were accurately determined in calibration, The slight
tendency of the gages to respond to forces other than that for which they were
intended, was nullified by electrical shunting (reference a.9).

33. The strain-gage readout system, broken down into its component parts A
consisted of: a wet cell battery to supply the power to the strain gages;

a nulling and calibrating unif which was used to detsrmine the electrical
characteristics of the strain-gage balance (and could be used as a nulling
type of strain indicator); a Leeds and Northrup D.C, amplifier-micro-volt-
meter which was used both to read out the unbalance voltage of one of the
bridges (indicative of the bending moment about the gage), and to amplify
this unbalance voltage to a sufficient level for presentation to the recorder;
a Leeds and Northrup X;, Xp, Y recorder to permanently record the variation of
the bending moments about the two strain-gege sectilons as functions of either
the model rotational speed or the model angle of attack. A diagramatic sketch
of the strain gage readout system may be seen in Figure 5, and photographs of
the system are presented in Figures 6 and 7.

34. The frequency console was an assemblage of electronic units tn convert

the variable frequency generated by the tachometer pickup coil in the model

into a direct current voltage proportional to that frequency. The console

consisted of the following units: a General Radio Audio Oscillator; a Gates
Amplifier; a General Radio Frequency Meter, & Waterman 3 inch Oscilloscope,

and. a Berkeley EPUT meter. The basic function of the console required the

operation of only the Gates Amplifier to amplify the variable frequency signal N
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’ from the tachometer pickup coil, and the General Radio Frequency Meter to
- convert the variable frequency voltage into a D.C. voltage proportional to
that frequency. This D.C. voltage was used &s the input to the Y functien

on the recorder. The Berkeley EPUT Meter was used to monitor the tach
signal frequency by counting the number of cycles per second (thus the
designation Events Per Uuit Time meter) and presented, in digital form on |
the front panel of the uait, the number it had sampled in that time interval. !
The Waterman Oscilloscope was used to visually monitor the quality of the
signal from the tachometer pickup coil, Any melfunction of the pickup coil
could easily be detected on both the oscllloscope and the EPUT meter, The !
Punction of the General Radio Audio Oscillator in the system was to provide
accurate, fixed frequencies to dafine rotational speed limits on the ¥ func-
tion of the recorder. The Y function on the vecorder was linear with fre-
quency (presented to the console) and thus required only two defining limits, !
a zero frequency and a "maximum" frequency.. T™he frequency readout system
had one shortcoming. The system could not respond to frequencies below 18

P cycles per second. This was due both to & limitation of the Ceneral Redio

i frequency meter and to the lov output voltage of the pickup coil at low fre-
quencies. A diagrematic sketch of the frequency console is presented in
Figure 8 and the unit may be seen in Figures 6 and 7. {

35, The Servo-Speed Control vas a unit designed and built at the NOL, for {
the expressed purpose of controlling the rotetional spesd of any of the several

sizes of air turbines in use for Magnus testing. It is an experimental model l
to determine how effectively e high-speed air turbine can be controlled and

regulated with a relatively simple apparatus such as this., Part of the actual
wind-tunnel testing was devoted to determining the ¢haracteristics and the

S degree of control provided by this unit. The control was constructed using
a relstively simple circuit conceived by Dr. W. A. Menzel at the NOL using
} as the major components, & Brown servo-amplifier, a Brown servo-motor, and

: a standard 1/2 inch pipe valve. The control circuit may bz seen in Figure 9

and & photograph of the complete control unit may be seen in Figure 10. The
primary function of the Servo-Speed Control was to hold the rotational speed
; constant at some fixed value while the aerodynamic loading on the model varied
; such as occurs when the model's angle of attack is changed., The secondary
function was to be able to set the model's rotational speed at arbitrary
fixed values. From the use of the control during the wind-tunnel tests it
was learned that the model's rotational speed could easily be held constant
to #% at speeds between 80 cycles per second and 500 while the model's
angle of attack was varied between +10 degrees. A fine degree of control
was attained after some experience in adjusting the supply pressure and the
Servo-Speed Control settings to satisfy the needs of the turbine. The setting
of the rotational speed to some nominal value by the speed control was not so
guccessful as was the speed regulation in that when the wind tunnel blow was
gtarted, the model would always speed up to some higher value than was set
before the blew. This can be readily explained when one considers that vwhen
the wind tunnel is blowing, the ambient pressure surrounding the model is
only & few millimeters of mercury. Thus, the back pressure to the turbine
18 extremely low, the pover of the unit is considerably multiplied and the

-@»M
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turbine speeds up. Nevertheless, the regulating effect of the control

would take hold at the new higher speed and precisely regulate the rotational
speed. With a little experience, this speed-up could be reckoned with and
compensated for beforehand to achieve & speed setting close to the desired one.

Models

36. All of the models tested in this investigation had a length-to-

diameter ratio of five, the noses being two body diameters in length and

the cylindrical after-bodies three body diameters in length. The only
configurational variation was in the nose shapes. Of the six noses tested
three formed a systematic variation in ogival radius. These three noses

were: a cone nose of infinite ogival radius, a secant ogive nose with an
ogival radius of 8.5 body diameters, and a tangent ogive nose with an ogival
radius of L4.25 body diameters. Each of the remaining three noses had no
relationship to any other in the group but was tested because it was an
"interesting" shape. One of the remaining three noses was_the Heack-Sears
nose, a nose whose profile was determined by the equation £ = {1 - (17§??} 3/4
and possessed the theoretically minimal wave drag for a given length and
volume (reference a.l0). Another nose shape was the "typical projectile"
nose, which was basically a cone with a blunted tip - in this case, a spher-
ical tip - and a rounded shoulder. The blunted nose was desirable from the
standpoint of fuse installation and operation and the rounded shoulder was
characteristic of many varieties of service ammunition. The last nose tested
was the cone nose with artificial roughness applied to a small region near

the tip. Number 100 emery grit was chosen as the artificial roughness in an
attempt to produce a completely turbulent boundary layer over the entire model.
The size of this grit was chosen on the basis of yet unpublished data obtained
from tests on boundary layer transition conducted at the Jet Propulsion Labor-
atory, Pasadena, California. The variety of nose shapes tested were expected
to yield results which would be representative of most practical supersonic
nose shapes. All of the noses are good supersonic shapes in that none have
high drag. ’

37. The models were machined out of magnesium, the lightest common metal,
to the dimensions given in Figure 11. Photographs of the model parts are
presented in Figures 12 to 18. The models were fabricated with the toler-
ances on the concentricity of the rotating circular surfaces as small as
was possible using ordinary machine shop equipment. The precision of manu-
facture and the lightness of the models reduced the level of any dymamic
unbalance to an insignificant level.

38, The model size, three inches in diameter and fifteen inches long, was
determined by test section considerations. The models were the largest that
could be tested in the test section of the Mach 1.75 nozzle at angles of
attack as high as 22 degrees, The moment reference center was taken to be
3.04 body diameters back from the nose.

1k
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VWind Tunnel Test Techniques

39. Magnus fcrces and moments are dependent on several aevodynamic vari-
ables which influence the viscous flow about the model (i.e. the structure
of the boundary layer and the vortices shed on the lee side of the body).
Some of these variables are, the Mach number, the Reynolds number, the rota-
tional velocity, the angle of attack, the surface roughness, the pressure
and temperature gradients, and in the case of the wind tunnel, any nozzle
disturbances and air turbulence. Experimental Magnus data as functions of
these variables are necessary for the understanding of the Msgnus mechanism
and to establish a satisfactory Magnus theory, which at the present time
does not exist. Within a larger program of t»3 Aeroballistic Research
Department of the Naval Ordnance lLaboratory, the effect of nose shape (which
primarily affects the pressure gradient} on the Magnus forces and moments
of a 5-caliber long body was examined, This investigation was attempted to
prcvide some insight &s to how to improve the free-flight characteristics
of some missiles under development. If a large orderly variation in the
Magnus characteristics could be determined, then this variation might be
oxploited to yield body shapes with no adverse Magnus effects.

LO, The test of the six mcdels was performed at a Mach number of 1.75
only in order tc limit the quantity of data obtained. At this Mach number
the dyunamic pressure in the wind tunmel is sufficiently high to produce
appreciable Magnus forces and because of the exceptional flow quality of
the nozzle used to produce this Mach number.,

k1. The major portion of this test was carried out with the constant
angle of attack and variable spin method. This techniqus is not troubled
by the appearance of gyroscopic forces (since the model is held fixed in
spece), nor is the control or regulation of the rotational speed of any
concern so long as the frequency recording system has a sufficiently fast
response. The test procedure employing this technique is as follows: the
angle of attack is set to some nominal value before the wind-tunnel blow;
the wind tunnel blow is started and once flow is established, high pressure
air is admitted to the air turbine; the model accelerates from zero rota-
tional speed up to some high rotational speed; during the blow, continuous
traces of the variation of the bending moments about the two yaw gages are
permanently recorded as functions of the rotational speed; finally when
the high rotational speed is reached, the wind-tunnel blow is stopped.

k2, The constant rotational speed, variable angle of attack technique

was employed for one configuration. As was stated previously, this part

of the test was of an exploratory nature in that it was not known how effec-
tive the Servo-Speed Control would operate. The procedure employed for this
type of test was as follows: +the model's angle of attack was set at some
extrems value and the model was spun up to some nominal value of rotational
speed; the tunnel blow was started causing the model's rotational speed to
increase; after a few seconds the Servo-Speed Control took hold and kept the
rotational speed constant; once it was noticed that the rotational speed had
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stabilized, the angle of attack was varied, while the angle of attack was
varied, the variation of the bending moments about the two yaw gages was
permanently recorded as fuunctions of angle of attack; when the other extreme
value of angle of attack was reached, the wind-tunnel blow was stopped. This
technique produces gyroscopic forces, which have to be eliminated in the data
reduction.

Coefficients

43. The Magnus force and moment coefficients, as originally defined by
ballistic investigations, are:

K = F /iq3hp
kg = /pvp

The terms in the above equations are defined in the List of Symbols. The
angle,fi, is the angle between the axis of symmetry (length axis) of the
projectile and the free-stream velocity vector and corresponds to the aero-
dynamic angle of attack. The inclusion of the rotational vector, i, is to
denote that the Magnus force, ¥, occurs at right angles to the plane in
which'ﬁ,is contained. It is assumed that these coefficients are linear
functions of both spin and angle of attack when the time-position-attitude
measurenments of the ballistic ranges are evaluated., The present investiga-
tion shows that this assumption is erroneous.

} see (reference a.6)

L

Lk, The yaw or side force coefficient and the yawing moment coefficient
as used for static wind tunnel measurements are respectively

Cy = Y/qA
C'V =w/qAD

Throughout this report, these coefficients will be used to define the
forces and moments produced by the Magnus effect. It should be noted that
the difference between these coefficients and the ballistic Magnus coeffi-
cients is that these coefficients are not non-dimensionalized for spin or
angle of attack.

45, Another non-dimensional quantity which describes the helical angle
of a point on the surface of the body as it flies through the air (sdme
as the lead of a screw thread) is the advance ratio. It is:

Advance Ratio = (pD/2V).
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If the wind-tunnel yaw force and yawing mcoment coefficients are linear
with both spin ar?t angle of attack, then these coefficients may be non-
dimensicnalized for advance ratio (spin) and angle of attack into wind-
tunnel Magnus coefficients which may be readily compared with the ballistic
coefficients. These are:

= % jav, _ 16 -
Cy = = (55 =FkKr
Pq, a 'p w

¢ )
c = _¥ (2% . .
Yoo = (pD'l 1-1_?_ Kp

46. If the wind-tunnel meazurements reveal that the Magnus is non-lirnear
with both rotational yelocity and angle of attack, then another procedure
must be followed to obtain coefficients which may be compared with the
ballistic coefficients. To obtain wind-tunnel Magnus coefficients in this
case, the advance ratio of the projectile must be known. The rotational
velocity required to duplicate this advance ratic in the wind tunnel must
be determined. At this spin rate, the wind-tunnd Magnus coefficients may
then be computed:

v = B o DED
C
e = &), _ oD G

The Magnus coefficients obtained by this method are probably closest to
"true" Magnus coefficients, because they are most representative of the
instantaneous forces acting on a projlectile. These coefficients consider
the spin as a constant {which is true for short distances along the projec-
tile's trajectory), and are determined for zero degrees angle of attack
(defining the initial Magnus force behavior).

Data Reduction and Accuracy

47. The raw data obtained for the constant angle of attack-variable spin
type of blow were in the form of recorder traces of the yaw gage readings
(indicative of the bending moments about the yaw gages) versus the rota-
tional speed. Sample traces of this type may be seen in Figure 1G. From
these traces the side forcs coefficient, Cy, and the yawing moment coeffi-
cient, Cy, may be computed (by the egquations presented in Appendix I and
reference a.9) as functions of the rotational speed. In this data reduction,

the fewest number of data points were taken that would adeguately define the
data. In some cases, where the traces were clearly linear, only two points

from each trace were read. These two points were, the zero rotational speed
point and the maximm rotational speed point. The zero rotational speed
point was considered as the point of "zero" Magnus and any reading of the
strain gages at this point was due to some small static yaw angle. Thus,
for a linear trace only the values of the Magnus coefficients at the maximum
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8pin were computed. For the majority of traces, many points along the traces
had to be read because the traces were clearly non-linear. One source of
error in reading the traces was due to the fact that the traces did not start
from exactly zero rotational speed, but commenced at approximately twenty
revolutions per second. This was due to the inability of the frequency con-
sole to respond to low frequencies and the tachometer generator to produce a
sufficient signal voltage at these low frequencies., All of the traces had

to be faired to zero rotational speed in order to determine the "zero" Magnus
point. This fault in the instrumentation introduced a reader error in the
date which is rr .Lably most evident in flawes in the array of the basic data
plots.

48. The raw data obtained for the constant rotational speed-variable angle

of attack type of blow were of the form of traces of the strain-gage readings
versus the angle of attack. Sample traces of this kind may be seen in

Figure 20. On this type of %race, the angle of attack was linear between

the two extremities of the trace. The extremities of the trace were a maximum
positive angle of attack and a maximum negative angle of attack. To reduce the
data, a "zero" Magnus point had to be deter. .ned and this was taken to be the
interpolated zero degrees angle of attack point. Any resding of the strain
gages at zero degrees angle of attack wes attributed again to a static yaw
angle and also to a small precessional force., Tare readings had to be sub-
tracted from the readings of the traces and these were the variations of the
no-spin strain gage readings with angle of attack, vhich were small.

k9. The readings obtained from both types of traces were punched into IBM
cards and reduced to coefficient form by IBM 650 computing machines used by
the Applied Mathematics Division of NOL.

50. There were Do corrections applied to the data. A rrection to the
indicated angle of attack due to the deflection of the balance under the
pitch plane loads is normally warrented, but requires the measurement of the
pitch plane loads., However, previous experience with this balance showed
this correction to be negligible. The aerodynamic trim has also been left
in the data since the subtraction of the trim angles would not alter the
form of the data but would only shift them to the origin., This was not
done because of the considerable work involved.

51. In the case of the constant spin, and variable angle of sttack method
& precessional moment is present and must be accounted for in the data
reduction. The magnitude of this Precessional moment depends on the moment
of inertia of the rotating parts, the rate of change in the angle of attack,
and the rotational velocity. The rotational velocity for the run utilizing
this technique varied between about 80 revolutions per second to about 510
revolutions per second, but the rate of change of the angle of attack was
only about one degree per second, However » if the rate of change in angle
of attack was a constant, then the precessional force must be a constant,
and it would be properly deducted from the total force reading (leaving
only the Magnus force reading) by the data reduction procedure described
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above. Also if the direction of the angle of attack variation were reversed
then the direction of precessional force would be reversed. The effect of
rotational speed on this precessional force did show up in the data in a
small change in "zero Magnus" point; the largest "zero Magnus" point corres-
ponding to the highest rotational speed. That the precessional moments have
been eliminated from the data is substantiated by the good coumparison of the
data taken in this fashion with the data taken by the constant angle of
attack, variable spin technique, a technique for which no precess ional moment
is present. '
52. A probable error analysis for these tests was attempted, but the results
were approximately one order of magnitude smaller than the error determined
from what repeat points were taken. This was probably due to the fact that
all of the variables which affect the data could not be accounted for in the
probable error analysis., ©Some of these variables are: +‘tunnel air fluctua-
tions, vibrations of the model-sting system, the aerodynamic trim {which is
still present in the data), and reader error in the fairing and reading of
the recorder traces. These factors, while small in themselves are probably
significant contributors to the total error when one considers the smallness
of the Magnus forces. To indicate a level of measurement accuracy the
following RMS values of the residuals (based on repeat points) are presented,
for a spin rate of 600 rev./sec.

a = 4° o = 8° o = 18°
Eq +.02h +.011 +.006
- +
Eq +.021 +.016 +.010
¥

If these errors are referred to the measured coefficients then the
percentage errors are

aQ = ll»o a = 80 a = 180
& +19.2 .45 10.75
Cy +38.9 .37 *¥1.52

53. The system of coordinate axes defining the signs of the forces and

moments are presented in Figure 21.
§

s
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Results i

S5k, The primary results of these tests are presented in the form of data
tables and graphical plots of the side force coefficients and the yawing
moment coefficients versus rotational speed or angle of attack. This presen-
tation is made in the same general order in which the data were taken. In
other words, if the raw data were obtained by the constant angle of attack,
varying spin technique, then the computed coefficients are presented as func-
tions of the spin, with the constant angles of attack as a parameter. The
tabulated data are presented at the end of the report with an explanatory
sheet. The primary data plots for the six configurations, as obtained using
the constant angle of attack, veriable spin technique are presented in
Figures 22 to 33 in | the follow1ng configurational order: the cone nose; the
secant ogive nose; the tangent ogive nose; the Haack-Sears nose; the typical
projectile nose; and lastly the cone nose with No. 100 grit. These graphical
plots are alternately, the side force coefficients and the yawing moment coeffi-
cients (plotted against the rotational speed) for the respective configurations.
It was possible to present all of the measured coefficients (of one kind) for
each configuration on a single graph. Thus, the presentation of this data
required only two plots for each configuration. The data obtained for the
single run using the typical projectile nose, and employing the constant
rotational speed-variable angle of attack technique, could not be as conven-
iently presented without completely obscuring the date around zero degrees
angle of attack, and required Figures 3% to 55 to clearly present these
results. In each of these figures are presented the side force coefficient,
the yawing moment coefficient, and the center of Magnus plotted against the
angle of attack for constant values of the spin.

55. The presentation of some of the important effects revealed by the data
necessitated a number of crossplots and comparison plots. The effect of
nose shape (for three spin ‘ates - 153, 305 and 458 revolutions per second)
is revealed in Figures 56 to 64. In Figures 56, 59, and 62, the side force
coefficients for all of the nose shapes are plotted against angle of attack
for each of the three speeds respectively. The yawing moment coefficients
are presented in Figures 57, 60, and 63, in the same form. Figures 58, 61,
and 64 present the cente- ; of Magnus versus absolute value of the angle of
attack, for all of the configurations. For these plots the data has had
the aerodynamic trim angle of attack removed in order to accurately deter-
mine center of Magnus values at small angles of attack. If the trim were
not removed, the center of Magnus determinations at small angles of attack
would be meaningless. The good agreement of the centers of Magnus between
plus and minus angles of attack point up the symmetry of the data. Fronm
each of the three sets of three figures an effect of the ogival radius may
be obtained, at each constant rotational speed, if we consider the three
noses that have the systematic variation in ogival radius. Figure 65 pre-
sents the effect of ogival radius on the Magnus characteristics of bodies
of fineness ratio 5. In this figure are presented the Magnus force coeffi-
cient, Cpr’ tne Magnus moment coefficient, prz’ and the center of Magnus

as functions <f *the ogival radius at a spin rate of 305 revolutions per

second. Figure 66 presents the effect of spin on the- 1nit1al Magnus char- v
acteristics of the typical projectile nose as determined by "slopes" at
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zero degrees angle of attack from the many traces obtained by the constant
spin, variable angle test technique.

56. A comparison of the results obtained for identical test conditions on
the same configuration by employing the two different test techniques is
presented in Figures 67 and 63. These figures contain the crossplots of

Cy and Cy for the typical projectile nose versus angle of attack (as pre-
sented in Figures 59 and 60, p = 305 rev./se.), and the same coefficients
as obtained by the constant spin variable angle of attack technique (namely
the data as presented in Figures 40, L1, and 53, at approximately the same
spin rate).

Discussion

57. The examination of the graphical plots of the coefficients, C, and Cgs
is not sufficient by itself to reveal the effects of nose shape variation.

As a matter of fact, there is so much date in these figures (Fipures 22 to
33) that differences between the various noses are actually obscured. The
comparison crossplots, Figures 56 to 64, give a better picture of the nose
effect. The plotted points in these figures are values which have been
interpolated in the tabulated results, From Figures 56, 59, and 62 (note
change in scale of Figure 62), the crossplots of the side force coefficients,
the following general effects, for each spin rate, may be seen:

1. the force coefficients follow approximately & cubical relationship
with small and moderate angles of attack, then generally reaching either a
peak or & plateau at some high angle of attack;

2. there is a progressive increase in the Magnus force as the ogival
radius decreases (proceeding from cone nose to tangent ogive nose);

3. the Haack-Sears nose appears to have the highest maximum Magnus
forces of all the noses tested;

L. +the typical projectile nose seems to have about the same forces
as the secant ogive nose;

%. there appears to be little if any difference between the forces
developed on the cone nose and on the cone nose with No, 100 grit;

6. there is an almost linear relationship of coefficient with rota-
tional speed.

From Figures 57, 60, and 63, the crossplots of the yawing moment coelfficients,
it may also be seen that:

1. +the various noses produce appreciable diflerences in the liagnus

moment behavior at small angles of attack - these differences include
reversals In sign;
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2. there are small differences in the maximum values of the moment
coefficient at high angles of attack, although there appears to be a slight
increase in moment coefficient with diminution of the ogival radius;

3. the tangent ogive nose and the Haack-Sears nose appear to have
similarly shaped moment coefficient curves at small angles of attack;

L. the typical projectile nose has about the same Magnus moment
characteristics as the secant ogive nose at both high and low angles of
attack;

5. the application of the No. 100 grit to the cone nose appears to
have changed the Magnus moment coefficients appreciably at small angles
of attack, but not at all at the high angles of attack;

6. all of the Magnus moment coefficients appear to have reached a
peak or plateau at the high angles of attack;

7. the maximum moment coefficient values exhibit an almost linear
dependence on spin rate, however there appears to. be almost no dependence
of the moment coefficient at small angles cf attack once a spin rate of
about 305 revolutions per second has been exceeded.

From Figures 58, 61, and 64, the crossplots of the centers of Magnus, it
may be seen that:

1. the centers of Magnus for all the configurations (including the
cone nose with grit) at high angles of attack are almost the same;

2. at small angles of attack, there appears 1o be very strong effect
of nose bluntness on the centers of Magnus with the blunter configurations
having the more rearward centers of Magnus;

3. the application of the grit to the cone nose moves the center of
Magnus from ahead of the nose rearward %o approximately one caliber ahead
of the base, at small angles of attack. (Since schlieren photographs of the
boundary layer were not obtained it is not conclusively established what
changes in boundary layer were produced by the application of the grit. The
two changes that the grit could produce are: the shifting of the transition
point from somevhere aft on the body to the very tip of the nose, and the
simple thickening of an already turbulent boundary layer. The large change
in center of Magnus due to the application of the grit may be evidence that
the former effect is probably occurring along with strong variations of the
distribution of the Magnus forces along the body. )

L,  there appears to be no effect of Spin on the centers of Magnus at
large anzles of attack and only the centers of Magnus of the cone nose and

the secant ogive nose appear to be markedly affected by the spin rate at
small angles of attack.
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58. The effect of ogival radius on the initial Mapuus characteristics of
bodies of fireness ratio 5 may be seen in Figure 65, in which the Magnus
force coefficient, Cng’ the Magnus moment coefficient, CVPa’ and the centers
of Magnus at zero degfees angle of attack (determined from the slopes of the
crossplots of Figures 59 and 60) are plotted against ogival radius. With
decreasing ogival radius the Magnus force coefficient increnses, the Magnus
moment coefficient decreases and even becomes negative, and the center of
Magnus moves rearward from ahead of the nose to vehind the center of gravity.
This flgure was presented to emphasize the substantial differences in the
Magnus coefficient, produced by the different nose shapes, at lov angles of
attack.

59. Examination of the data obtained for the constant spin, variatle angle
of attack test technique (Figures 34 to 55) reveals effects at very small
angles of attack that are not ordinarily discernible by the constant angle
of attack, variable spin test technique. During the actual testing, the
origin.l. angle of attack range was between plus and minus ten degrees, but
the unusual variations in the recorder traces that occurred at very small
angles of attack (between plus and minus one degree) indicated very pro-
nounced movements of the center of Magnus, and prompted the exploration

of these unusual effects at a greater sensitivity and on a reduced scale
(between plus and minus five degrees). The inspection of these data shows
that at very smnall angles of attack:

1. the Magnus force coefficient can be very non-linear;

2. +he Magnus moment coefficients exhibit "reversals” and even
‘"dqouble reversals;"

3. the centers of Magnus are extremely unsteady, being very sensi-
tive to changes both in spin rate and angle of attack. The argurient that
these very small angle effects may be due to "vogaries' of the instrumenta-
tion can be refuted by the good repeatability of the date (from repez
traces at two sensitivities), by the symmetry of the data, and by the agree-
ment of the data taken by two different techniques {to be discussed later).
The author had some reason to suspect that mechanical vibration of the model-
turbine-sting system might be producing these unusual small =zrgrle of attack
effects, however, a detailed investisation proved this suspicion to be ground-
less. OSince the typical projectile nose was the only con’irurntior tested in
this fashlon (beczuse of model difficulties), it is not krown whether the
many variations in the very small angle of attack dats are peculiar only
to this configuration or whether this behavior is revresentative of many,
or all, configurations. OCne of the most interesting features of these data
(Figures 34 to 55) is the behavior of the center of Magnus at zero degrees
angle of attack as the spin changes. It can be seen by successively exam-
ining the figures that there is a profound movement in the center of Magnus
as the spin is increased, moving from vehind the center of gravity at low
spin rates (90 rev./sec.) to far ahead of the nose at medium spin rates
(300 rev./sec.), then back to a position just ahead of the nose at high spin
rates (500 rev./sec.). The center of Magnus determinations at zero degrees

angle of attack were made by using the slopes of the traces at zero degrees
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angle of attack, because at zero degrees angle of attuck the side forces
and moments themselves become 2€ro. The effect of spin rate on the initial
Magnus characteristics of the typical projectile nose configuration is
evident in Figure 65. Tt can be seen that as the spin is increased the
Magnus force coefficient goes to zero; the Magnus moment coefficient changes
sign, peeks, then begins to decrease; and the center of Magnus moves off
the body to some point a great distance ahead of the body, then moves rear-
ward again. The fact that the moment coefficient reaches a maximum and
remuins finite in value, while the force coefficient goes to zero, can only
be explained by the presence of a couple. This would mean that there must
be two effectively independent systems of aerodynamic activity st work on
the body producing this effect.

60. The comparison of the data obtained by the two different test techniques
(Figures 67 and 68) indicates that the two sets of data are in good agree-
ment. Tt should be pointed out that the aerodynamic trim is still present

in the data, and the comparison might be improved if the trim were removed.

The author feels that each test technique has certain adventages depending

on what is desired most from the test. For very small angles of atteck,

the constant spin-variable angle of attack technique is much more revealing
than the other technique. It also yields Magnus coefficients at zero degrees
angle of attack. The constant angle of attack-variable spin technique requires
less instrumentation and uses a simpler data reduction procedure.

61. From the consideration of the results of these tests certain general
conclusions may be inferred. One conclusion, that verifies present opinion,
is that at smn1ll angles of attack the nature of the boundary layer is the
most important factor in the behavior of the Magnus. It also appears that
any disturbance introduced to alter the behavior of the boundary layer, such
as spin, nose shape variations or surface roughness, may produce very great
changes in the force distribution over the body (and the corresponding varia-
tion in the moment ané center of Magnus). It might be expected that the
effect of nose shape on Magnus would be more pronounced on a short body than
on a long body, because of the longer run of boundary layer on the longer
body, but there is no evidence to prove or disprove this.

62. Another conclusion that may be drawn from these tests is that the force
distribution on the body at very small angles »f attack is the result of two
systems of aerodyramic zctivity. 4 possible picture of this zctivity might
ve that at low ungles of attack, the viscous flow on the sides of the body
right be combined into two effectively discrete vortex systems similar to
those that occur at high angles of attack. These two vortices would be, of
course, very close to the body, possibly completely within the attached
boundary layer. If the strengths of the two vortices were rearly the same,
the ret force would be close to zero, but if the circulation distributilon

~*® these vortices ulong the body were different, a finite moment might be
the result.
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63. A third conclusion that can be made is that body disturbances, such

as mentioned above, have little influence on the distribution of the forces
on the body at high angles of attack, The constancy of the centers of
Magnus at high angles of attack betwee

the different shapes

are able to impart different amounts of (total) circulation, by their rota-

tion, to the shed vortices.

64. A possible explanation for the peaking of the Magnus force might be
that the shed vortices are moving away from the body as the angle of attack
is increased, and, when the body reaches a certain "critical" angle the

vortices are so far away from the rotating body that the body cannot ef fec-
After this "critical" angle of

tively communicate circulation to themn.
attack is passed the force tends to diminish.

65. As was stated earlier (in the Historical Sketch
two papers that attempt to predict theoretically the
of three dimensional bodies. Unfortunately,

theory, namely, a long body with a laminar bo

) there exist only
Magnus characteristics
most of the conditions of this
undary layer in a subsonic

> 8re violated by the conditions
of these tests. Thus, no valid comparison with this theory could be expected.

Nevertheless, the Martin-Kelley theoretical Magnus coefficients are included
in Figure 65 for acedemic reasons,

CONCLUSIONS

66. From the consideration of the results of these tests, the following
specific conclusions are evident for a body of fineness ratio 5 at a Mach

number of 1.75 and a Reynolds number of 5.5 million.

1. The shape of the nose has a profound effect on:

&. the magnitude of the Magnus force at high angles of attack

b. the behavior of the Magnus moment at smail angles of attack

¢. the location of the center of Magnus at low angles of éttack.

2, The shape of the nose has g lesser effect on:
a. the magnitude of the Magnus force at small angles of attack
b.

the magnitude of the Magnus moment at high angles of attack,

3. The shape of the nose

has a very small effect on the center of
Magnus at high angles of attack
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4. The rotational velocity has a profound effect on the initial
(@ = O degrees) Magnus characteristics of the typical projectile nose
configuration. Whether this strong spin dependency is representative
of many or all configurations remains to be demonstrated.

5. The application of artificial roughness to the tip of the nose
caused very substantial changes in the Magnus moment and the center of
Magnus at small angles of attack.

6. No present theory can adequately predict the Magnus character-
istics of short bodies at supersonic speeds.

7. The constant rotational speed-variable angle of attack test
technique has demonstrated that:

a. the data obtained by this technique agrees well with the
data obtained by the previous technique of holding the angle of attack
constant and taking date while the rotational speed was varied

b. this technique determines the small angle of attack Magnus
characteristics more satisfactorily than the previous technique

c. this technique affords an opportunity of determining the
initial Magnus characteristics, namely those at zero degrees angle of
attack

8. The Servo-Speed Control Unit, designed and built for the purpose
of effectively controlling the rotational speed of the air turbine was a

success.
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Appendix

Daia Reduction Equations

Cy = =Ay (£3 -‘930) + By (’eh -'0)-#0)
A (23 -230) +B (‘Qh "KuO)
K3/q A (X3 - X’-&)

BY = Ku/q A (X3 = Xh)

(9]
L}

>
23
1

A = K3(x - Xh)/qA.D(X3 - %)

B o= K(X;-X )/qAD(X3 -x,)
= (5/2) (B/R,) P_ M2

A = &D%/h)

Center of Magnus = (1 - X¥/D + CWVCY) (/L)
At zero degrees angle of attack:
Centzr of Magnus = [1 - Xy/D + (dC\p/da)/dCY/da)] (p/1)

The Magnus Coefficients are:

s (a/ax) (cy/,) (2v/p)
Cqsp = (8/a) (Cy/p) (2v/D)
v = M (&/ao) Qo
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v
) 2
TABULATED DATA
Run No. Conf iguration Type of Run
I Secant Ogive Nose constant @, variable rpm
2 Cone Nose constant @, variable rpm
3 Tangent Ogive Nose conctant @, variable rpm
Y Haack-Sears Nose constant @, variable rpm
5 Typical Projectile Nose constant @, variable rpm
T Typical Projectile Nose constant rpm, variable o !‘;
8 Cone Nose with No. 100 Grit constant @, variable rpm

L]
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FIG. 2 CUTAWAY DRAWING OF THE NOL WIND TUNNEL
BUILDING
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FIG, 5 DIAGRAMATIC SKETCH OF THE STRAIN GAGE READOUT
SYSTEM
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